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current 



(57) The SR motor (1 ) includes a stator (3) having a 
plurality of salient poles (3a), windings (C) wound 
around the plurality of salient poles (3a) and generating 
magnetic fields in the plurality of salient poles (3a), and 
a rotor (2) having another plurality of salient poles (2a) f 
a number of the salient poles of the rotor being deter- 
mined depending upon a number of the. salient poles of 
the stator. A supply mode for supplying power from a 
power supply to the windings (C), a reflux mode for set- 
ting both terminals (T1, T2) bf the windings (C) to an 
identical potential, and a regenerative mode for recover- 
ing electromotive force generated in the windings (C) 
into the power supply are executed as the rotor (2) 
rotates. The reflux mode and the regenerative mode are 
preferably repeated in a period during which the induct- 
ance of the windings (C) is reduced as the rotor (2) 
rotates. 
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BP 1 067 670 A2 
Description 

[0001] The present invention relates to an improved technology of an SR motor (switched reluctance motor). 
[0002] The SR motor has been known as a motor of the type that does not employ the magnet. Such SR motor is 
5 constructed by arranging a stator, in which a plurality of inwardly projecting salient poles are formed integrally with a 
cylindrical yoke, and a rotor, which has a plurality of outwardly projecting salient poles, on the same shaft and then fitting 
winding coils on the salient poles of the stator. 

[0003] The numbers of the salient poles of the rotor and the salient poles of the stator are set to an even number 
respectively not to constitute a multiple relationship mutually. For example, the number of the salient poles of the rotor 
w is four while the number of the salient poles of the stator is six, the number of the salient poles of the rotor is six while 
the number of the salient poles of the stator is eight, the number of the salient poles of the rotor is eight while the 
number of the salient poles of the stator is twelve, and so forth. 

[0004] When current is supplied to a pair of opposing winding coils (plural pairs of winding coils as the case may 
be) of the stator, magnetic fluxes directed from the salient poles of the stator to the salient poles of the rotor are gener- 

15 ated to attract the salient poles of the rotor to the salient poles of the stator, so that a torque is generated. At this time, 
when one salient pole of the rotor is positioned so as to face to one salient pole of the stator, positions of remaining sali- 
ent poles of the rotor are displaced mutually with remaining salient poles of the stator. Therefore, if the current is sup- 
plied to the winding coils by selecting the displaced salient poles of the stator sequentially, the salient poles of the rotor 
are attracted successively to them. Thus, the rotor can be rotated around the shaft. 

20 [0005] Also; such SR motor can. function as a generator. FIGS. 1 A and 1B are circuit diagrams showing a driving 
circuit iri the pribr art when an SR motor is used as a generator-motor. This driving circuit is provided to a plurality of 
windings constituting the same phase (winding sets) of the winding coils; that are fitted on the salient poles of the stator, 
respectively: For example, in the case of the three-phase motor in which the number of the salient poles of the stator is 
six arid the number of the salient poles of the rotor is four, each phase (U phase, V phase, W phase) is composed of a 

25 pair of mutuaily opposing winding coils. These pairs of winding coils are connected in series to constitute the winding 
sets respectively,^ ^ and then the driving circuit is provided to these winding sets respectively/ Iri this disclosure, assume 
that the winding coil or the winding signifies not only a single winding coil but also a plurality of winding coils constituting 
the same phas^ (wihdihg set). 

K?Q06]; v * ^s^hdwri in FIGS.1 A and 1 B, a start terminal T1 of a winding coil C is connected to a power supply E via a 
30 power device such: as a switching device (power transistor) SW1 and also connected to ground via the diode D1. An 
: ^^M^.l%-^tt^^^lng coil C is connected to the power supply E via a diode D2 and also connected to ground 
via ^ power device s^ 

[6007] FIGS ; 2A^2C are views showing control contents of operations of the switching devices SVyi and SW2 
wherein FIG .2A shows a relationship between rotation angle of a rotor (abscissa) and inductance L (ordinate), FIG 2B 
shows a relationship between the rotation angle of the rotor (abscissa) and winding voltage (ordinate) and FIG 20 
shows a relationship; betvyeehithe rotation angle of the rotor (abscissa) and winding current (ordinate) 

in which the 
devices SW1 and 

40 SwT I^Zr^,^ ,n,S ^T ? ' aS ! Sn .? Wn P,Q - 1A ' a CUITen t «9ws mrSugh a route;cpnsis«ng;df the switching device 
^e^ue " ' *1 9 deV '° e SW2 ' and thusen ^ is supplied from the power supply E to gener- 

2HL , S*g rotation angle of the rotor becomes ahotheV pVedete^mii^d angle (e off) during the period in 

which th*'nduc^^ 
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^S&SS^SSSl * rOU9h a COnsisti ^ of the diode Di , the winding SSildW. M 

due to an -electromotiye force caused in the winding coil C to return the energy to the power supply E. Regenerative 
energy can be increased larger than supply energy by controlling the operations of the switching devices SW1 and SW2 
in th.s manner, whereby the SR motor can be operated as the generator. 

10010] However, according to the controlling method in the prior art, a large current is caused to flow because the 
JSSfW* particularly In the low rotational range. As a result, there is such apr^^ncea 

^^raased a^^e of the device becomes large. Also, there Is such another problem that copper loss om£ 

■^S^^S^T^ 0f5erati ° n ° f the SR m0t ° r bTOOm6S ineffec « ve - Edition, there is such still another 
problem that torque npple and flutter is also increased correspondingly, since current extremely increases. 
. . [0Q1U • * -T*e present invention has been made in light of the above problems in the prior art, and it is an object of the 

SSSST^!^- s i rr ?ontro,,in9 method and an sr mGtor - ***** of SSSSSS 

effectively the reduction in cost and the improvement In performance. 

C0012] ; Accondihg t© an^spec^ of the present Invention Is provided a method of controlling an SR motorwhlch 

inc«udes:astatorhaving^^ 



2 



EP1 067 670 A2 

magnetic fields in the plurality of salient poles, and a rotor having another plurality of salient poles ( a number of the 
salient poles of the rotor being determined depending upon a number of the salient poles of the stator), the method 
comprising: executing, changeably as the rotor rotates, a supply mode for supplying power from a power supply to the 
windings, a reflux mode for setting both terminals of the windings to an identical potential, and a regenerative mode for 
recovering an electromotive force generated in the windings into the power supply. 

[0013] In a preferred embodiment of the present invention, the supply mode, the reflux mode, and the regenerative 
mode are executed in that order. 

[0014] In a preferred embodiment of the present invention, after the supply mode is executed, a repetitive mode 
during which the regenerative mode and the reflux mode are repeated alternatively is executed. 
[0015] In a preferred embodiment of the present invention, after a first supply mode is executed, a first repetitive 
mode during which the regenerative mode and a second supply mode are repeated alternatively and a second repeti- 
tive mode during which the regenerative mode and the reflux mode are repeated alternatively are mixedly executed. 
[0016] Another aspect of the present invention provides a method of controlling an SR motor which includes a sta- 
tor having a plurality of salient poles, windings wound around the plurality of salient poles and generating magnetic 
fields in the plurality of salient poles, and a rotor having another plurality of salient poles (a number of the salient poles 
of the rotor being determined depending upon a number of the salient poles of the stator), the method comprising: exe- 
cuting a first supply mode for supplying power from a power supply to the windings; and then executing a repetitive 
mode during which the regenerative mode for recovering an electromotive force generated in the windings into the 
power supply and a second supply mode for supplying the power from the power supply to the windings are repeated 
alternatively. 

[0017] Another aspect of the present invention provides an SR motor which includes a stator having a plurality of 
salient poles, windings wound around the plurality of salient poles and generating magnetic fields in the plurality of sali- 
ent poles, and a rotor having another plurality of salient poles (a number of the salient poles of the rotor being deter- 
mined depending upon a number of the salient poles of the stator), the SR motor comprising: a first switch configured 
to connect selectively start terminals of the windings to one polarity of a power supply; a second switch configured to 
connect selectively end terminals of the windings to other polarity of the power supply; a first diode interposed between 
the start terminals of the windings and the other polarity of the power supply, and configured to flow a current only in a 
direction tpward the start terminals; a second diode interposed between the end terminals of the windings and one 
polarity of the power supply, and configured to flow the current only in a direction toward one polarity of the power sup- 
ply; and a controller configured to control to exiecute, changeably as the rotor rotates, a supply mode in which the first 
switch and the second switch are connected simultaneously, a reflux mode in which one of the first switch and the sec- 
ond switch is connected and other of them is cut off, and a regenerative mode in which the first switch and the second 
switch are cut off simultaneously. 

[0018] y In a preferred embodiment of the present invention, the supply mode, the reflux mode, and the regenerative 
mode are executed in that ordeir. 

[0019] In a preferred embodiment of the present invention, after the supply mode is executed, a repetitive mode 
during which the regenerative mode and the reflux mode are repeated alternatively is executed. 
[0020]. In a preferred embodiment of the present invention, after a first supply mode is executed, a first repetitive 
mode during which the regenerative mode and a second supply mode are repeated alternatively and a second repeti- 
n«oT^ e d A Ur,ng whk?h re 9 enera «ve mode and the reflux mode are repeated alternatively are mixedly executed 
[0021] Another aspect of the present invention, provides an SR motor which includes a stator having a plurality of 
salient poles, windings wound around the plurality of salient poles and; generating magnetic fields in the plurality of sali- 
ent poles, an? a rotor having another plurality of salient poles (a number of the salient poles of the rotor being deter- 
mined depending upon a number of the salient poles of the stator), the SR motor comprising: a first switch configured 
to connect selectively start terminals of the windings to one polarity of a power supply; a second switch configured to 
^nnept ^electiyely end terminals of the windings to other polarity of the power supply; a first diode interposed between 
the start terminals of tha^indings and the other polarity of the power supply, aridcbrifiguted to flow a current only in a 
direction toward the start terminals; a second diode interposed between the end terminals of the windings and one 
polanty of the power supply, and configured to flow the current only in a direction toward one polarity of the power sup- 
ply;-and a controller configured to control to execute a first supply mode in which the first switch and the second switch 
are connected simultaneously, and then execute a repetitive mode in which the first switch and the second switch are 
cut off simultaneously and a second supply mode in which the first switch and the second switch are connected simul- 
taneously. . 

[0022] The nature, principle, and utility of the invention will become more apparent from the following detailed 
descnption when read in conjunction with the accompanying drawings. 
[0023]; In the, accompanying drawings: 

FIGS.1 A and IB are circuit diagrams showing a configuration of ah SR motor driving circuit in the prior art, wherein 
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FIG.1A shows a supply mode and FIG.1B shows a regenerative mode; 

FIGS.2A to 2C are views showing execution timings of respective modes of the SR motor in the prior art, wherein 
FIG.2A shows a relationship between rotation angle of a rotor and inductance, FIG.2B shows a relationship 
between the rotation angle of the rotor and winding voltage, and FIG.2C shows a relationship between the rotation 
angle of the rotor and winding current; 

FIGS.3A to 3D are graphs showing simulation results of the SR motor in the prior art. wherein FIG.3A shows a rela- 
tionship between the rotation angle of the rotor and the inductance, FIG.3B shows a relationship between the rota- 
tion angle of the rotor and the winding voltage, FIG.3C shows a relationship between the rotation angle of the rotor 
and the winding current, and FIG.3D shows a relationship between the rotation angle of the rotor and torque; 
FIG.4 is a plan view showing a configuration of an SR motor according to a first embodiment of the present inven- 
tion; 

FIGS.5A to 5C are circuit diagrams showing a configuration of an SR motor driving circuit according to the first 
embodiment of the present invention, wherein FIG.5A shows a supply mode, FIG.5B shows a regenerative mode 
and FIG.5C shows a reflux mode; 

FIGS.6A to 6D are. views, showing execution timings of respective modes, wherein FIG.6A shows a relationship 
between the rotation angle of the rotor (abscissa) and the inductance (ordinate), FIG.6B shows a relationship 
between the. rotation angle of the rotor (abscissa) and an operation (on. off) of the switching device SW1 (ordinate) 
^^.•••^y-^fSW'pnsWp between the rotation -angle of the rotor (abscissa) and -an operation (on off) of the 
switching device SW2 (ordinate), and FIG.6D shows relationship between the rotation angle of rotor (abscissa) and 
20 the winding current; ' 

, FIGS.7A to 7C are views showing execution. timings of respective modes of the SR motor driving circuit according 
to.the second embodiment of the present invention, wherein FIG.7A shows a relationship between the rotation 
, . angle of the rotor and the, inductance, FIG,7B,shows a relationship between the rotation angle of the rotor and the 
winding voltage, and FIG.7C shows a relationship between the rotation angle of the rotor and the winding current- 
FIGS.5A to SD are graphs showing simulation results of the SR motor driving circuit according to the second 
embodiment of the present invention, wherein FIG.8A shows a relationship between the rotation angle of the rotor 
,|^ ^4nduotei|b# r F!Q.8B shows a relationship between the rotation angle of the rotor and the winding voltage 
•^E^SffW a -^a«Phsh!p between the rotation angle of the rotor and the winding current, and FIG.8D shows a 
relationship^ 

FIG 9 te a view showing an inductance used to calculate a current amplitude in the SR motor driving circuit accord- 
ing to the second embodiment of the present invention; - . .. 

2f£? l & - ^inSan Inductance used to calculate a current amplitude in an SR motor driving circuit accord- 
ing to a third embodiment of the present invention; 

iS-^w^fe^^^ execution timin 9 s of ^spective modes of the SR motor driving circuit accord- 
ing to thethird embod.ment of the present Invention, wherein FIG.1 1 A shows a relationship between the rotation 
angle of the rotor and ^ 

SSS^^ RG1 1 1 Sh ? WS 8 ****** between the rotation ang.e of the rotor J^Z^S^SZ 
to afour* embodiment of the present invention, wherein FIG.12A shows a relationship between^ rotattoh anote 
^S^F^hows^ ^ rela «<>-n«P ^en the rotation ang* of <he rotor S 
S^^ ^v relationship between the rotation angle of the rotor and the winding currant- 
tof«h^1m^^ff 8, ^ «*^«"*H|S » respective modes of ah SR motor driving circuit aSing 
L ^r^Sf ^t t0f thS PrSSent inven «°n- wheraln FIG.13A shows a relationship between a rotation anole of 
SSS?^^ 38 Sh ° WS a re,a « ons hip between the rotation angle of the rotoS Se^nlg 

fhfn; 4 f- d1 ^ are — S ShOW,n9 Start timin9s WW supply mode according to a sS embedment of 
Knf betWee " the 

rii^l^/ ^- h °- n9 a W c ' nsh| P between start timings in the supply mode and an amount of power dener- 

^^^^T ^^ C T^ S ^ rt t!m,n9S Gf the ,ast re 9«nerative mode In the sixth embodiment of the 
present invention wherein FIG.16A shows a relationship between the rotation angle of the rotor (abscissa) and tte 

SJ^JSSi&E?^ ° f the SR m ° t0r havin9 a ^"t inductance waveform in the six* embod- 
™M8W<drc^^ 



25 



30 



35 



46 



45 



50 



4 



EP 1 067 670 A2 

of the present invention; and 

.- FIGS.1 9A to 1 9C are views showing the case where PWM current control is carried out in the third embodiment of 
the present invention, wherein FIG . 1 9A shows a relationship between the rotation angle of the rotor and the induct- 
ance, FIG.1 9B shows a relationship between the rotation angle of the rotor and the winding voltage, and FIG.1 9C 
5 shows a relationship between the rotation angle of the rotor and the winding current. 

[0024] Embodiments of the present invention will be explained in detail with reference to the accompanying draw- 
ings hereinafter. 

io First Embodiment 

[0025] A first embodiment of the present invention will be explained with reference to figures hereunder. FIG.4 is a 
plan view showing a configuration of an SR motor (switched reluctance motor) according to a first embodiment of the 
present invention. FIGS.5A to 5C are circuit diagrams showing a configuration of an SR motor driving circuit according 
is to the first embodiment of the present invention, wherein FIG.5A shows a supply mode, FIG.5B shows a regenerative 
mode;.and FIG.5C shows a reflux mode. The SR motor 1 is a three-phase motor in which the number of salient poles 
of the.stator is set to six and the number of salient poles of the rotor is set to four. For example, the SR motor 1 is a 
generator-motor that can also function as a generator directly coupled with an engine of a vehicle. 
[0026] . First, FIG.4 is referred to. The SR motor 1 is constructed to comprise a rotor 2, a stator 3, a motor housing 
20 (not shown) for containing them, etc. 

[0027] The rotor 2 is constructed by inserting an output shaft 5 into a through hole formed on a center of a rotor 
core 4, that has ^plurality of (four in this embodiment) salient poles 2a; and then fixing them integrally. The output shaft 
5 is supported to the motor housing via bearings. In this embodiment, the rotor core 4 is constructed by laminating inte- 
grally a plurality of magnetic steel plates that are stamped out by a punching machine. The number of rotations (rpm) 
,of the output shaft 5 per unit time Is counted by a number-of-rotations detecting unit (hot shown). The angle of rotation 
of the output shaft 5 is constantly detected by an angle-ef-rotation detecting unit. 

[0028] The stator 3 is constructed to include a stator core 6 and a plurality of winding coils 7. The stator core 6 is 
constructed by providing integrally a plurality of (six In this embodiment) salient poles 3a that protrude toward the inside 
of an almost cylindrical yoke portion in the radial direction. In this embodiment, the stator core 6 is constructed by lam- 
ming integt^ly a plurality of magnetic steel plates that are stamped out by a punching machine. The stator 3 is fixed 
to the inside of the motor housing. 

[0029], the winding coils 7 are fitted onto six salient poles of the stator core 6 respectively. A pair of opposing wind- 
ing coils 7;are connected in series to constitute a winding set, and respective phases (U phase, V phase, W phase) are 
constructed by these three winding sets. The winding coils 7 are wound directly onto the salient poles 3a of the stator 
core 6, ottierwise are wound onto bobbins formed of resin respectively and then fitted onto the salient poles 3a The 
.ptor^sinser^ 

2a of the rotor 2 and the salient poles 3a of the stator3. P 

^hen the current is supplied to the winding coils 7, the magnetic fluxes directed from the salient poles 3a of 
?«I?22 ? IPT*. P ° ,es 2a of rotor 2 *<* 9*™*ted to attract the neighboring salient piTaS »TS£2 
ot^f nocr P i the Stat ° r 3i Wheret * the torque is generated. At this time, when one salienfpl 2a o tne 
rotor 2 is positioned to face to one salient pole 3a of the stator 3, positions of remaining salient poles 2a of the rotor J 

oha2 T23?5f W 9 , U P hase . the winding coil constituting the V phase, and the winding coil constituting the 

^ F * Mn ^ c !« 5 " i t is constructed as shown in FIGS.5A to SC. In the following description, the drtv- 
mg circuit of toe warding set constituting the U phase will be explained. In this case, the driving circuits of the windina 
sets constituting the V, W phases have the similar configuration. 9 
[0032], A start terminal T1 of the winding set C, that consists of a pair of winding coils 7 constituting the U Dhase is 
^^^mP<mmi^^9, of a battery for a vehicle) via a ^d^c^^^S^ 

2^^^oonne« to ground «-) pole of the battery) via a diode D1. An JeSS 

[003^ . A current sensor 11 is provided to the end terminal T2 of the winding set G. Based on a detected ancle of 

^, an9 ^^ 0te ^^ rt9 unlt a detected current of the current senU etc. oper^ions 72e sSm 
devices SW.1 , swa are controlled by a contrpi device 12 respectively. «pera«ons OT me switching 

[0034] The control device 12 of t^ 
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a regenerative mode, and a reflux mode. The supply mode Is a mode which supplies power to the winding set C, and 
is a mode that turns ON the switching devices SW1 and SW2 simultaneously, as shown in FIG.5A. According to the 
supply mode, the current flows through a route consisting of the switching device SW1, the winding set C, and the 
switching. device SW2, and thus the energy is supplied from the power supply E to generate the torque during this 
5 period. 

[0035] The regenerative mode is a mode in which the electromotive force generated in the winding set C is with- 
drawn. As shown in FIG.5B, the switching devices SW1 and SW2 are turned OFF simultaneously in the regenerative 
mode. According to the regenerative mode, the current flows through a route consisting of the diode D1, the winding 
set C, and the diode D2, and thus the energy is returned to the power supply E in this mode. If the regenerative energy 
10 is Increased larger than the supply energy by setting appropriately ON/OFF timings of the switching devices SW1 and 
SW2, i.e., by executing appropriately the supply mode and the regenerative mode, this SR motor can be operated as 
the generator. 

[0036] The reflux mode is a mode which is newly provided by the present invention and In which both terminals of 
the winding set C are set to the same potential. That is, as shown in FIG.5C, the switching device SW2 is set to its ON 
.and the switching devjce SW1 is set to its OFF in this mode. In FIG.5C, according to the reflux mode, the current flows 
through a route consisting of the diode D1 , the winding set C, and the switching device SW2, and thus there is no rev- 
enue and expenditure of the energy in this mode because the current is returned to ground. In this case, the reflux mode 
may be achieved by setting the switching device SW1 to its ON and setting the switching device SW2 to its OFF. 
[0037] FIGS.6A to 6D are views showing execution timings of respective modes, wherein FIG.6A shows a relation- 
ship between the rotation angle of the rotor (abscissa) and the inductance (ordinate), FIG.6B shows a relationship 
rotat|on ang,e of tne rotor (abscissa) and an operation (on, off) of the switching device SW1 (ordinate) 
FIG.6C shows a relationship between the rotation angle of the rotor (abscissa) and an operation (on, off) of the switch- 

^fg^W.fMfr**-**™®** shows relationship between the rotation angle of the rotor (abscissa) and the 
winding current- .■ 

[003?];: As shown^ in these figures, according to the first embodiment, the supply mode is started by turning ON the 
switching devices SW1 and SW2 simultaneo.usly.when the rotor is positioned at a predetermined rotation angle e, in 
*e nsmg latter half period of the inductance L. Thus, the current flowing through thewinding set C is increased Then 
^2 J t ! vS^^'^ the supply mode by turning OFF the switching device SW1 while keeping the switching device 
SW2 in iteON stete as it is when the inductance L is turned to the reduction (rotation angle e 0 of the rotor) or when the 
^ s ;^^ n ^ ^ P red ^ te ^ ned rotation angle e 2 at the beginnings of the falling period of the inductance L 

*ciA„ f 5 ?; ^ 9enerative mode «• started by turning OFF the switching device SW2 while keeping the switching 
- Sffn! ni ? ?r° f T e l S 'f fe VVhenthe rotor is Phoned at a predetermined rotation angle e 3 (at a point of time 

SSi'^J^ ^^^-^^^W^ vw " be P^ed hereunder assuming that the rotor is driven at a constant 

to nse. The current is represented by the following equation. v - >? • • ,9 ^ s, ine current starts 

Jr.--.- • V =. Ri + L(di/dt) + 1 ©(dlVd e) m 

• . = (R + »(dL/d 6))i + L(dlfdt) V-,, .... < 1 > 

5S^^^^^f^^ rmI ^ v ° ,ta 9 e: . ls ^ «he winding resistance. Is R, the winding current is i, the rate of change of 

^T^^^^r ^ rotor per unit time is " the indUCtahce is L * hd **** <>< 

Ste^^S^ 1 ^ inductance L relative to the rotation angle of an SR motor can be appro*. 

•SSSSt^^^^^-^^-^^ *-™^MdLMV**™**~l**»*»:i prooMs in which the 
2S*5?$ ?^ .? P^ ess to.which the inductance r linearly falls, and a process in which the inductance is 
^.^V^^oh that the number of rotations of the rotor per uh« *L Is J^^^ * 
^k fl ^■3*^^/^ a ^^<«^ SW1 and SW2 simultaneously turns ON at a rotation angle of 
6 = ?1i (e , 1 <e?) of the rotor, (dUd 6) in the equation : (1) has a positive value in aniariy period of ^excSoh wWch 
mear^ apparent increasing of resistance of ; the, circuit thereof; therefbrethe current i ^iSSSm^S^W 

'Z£32222lrV*? * / tenCe ° f thS ^ thereof, therefore the current i prLr^Sy^Sa^ 

negative, which means that apparently the resistance value is negathS and 
^"^^^c^slncr^ing of the value of L(di/dt), therefore the current continues to rise. 
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[0044] In the reflux mode, the winding terminal voltage is 0 [V]. Therefore, 0 is substituted to V in the equation (1) 
and thus the following equation (2) is obtained. 

L(di/dt) «= -(R + co(dlVd 0))i (2) 

5 

[0045] Considering into account that all of the inductance L, the winding resistance R, the number of rotations of 
the rotor per unit time is <a, and the current i is positive and only (dL/d 0) is negative, the current i increases while return- 
ing, as shown in FIG16D, only in the condition that <o satisfies (R + <o(dL/d 6)) < 0 . This means that the winding con- 
verts the energy required for the rotations from an external driving source which drives the rotor at a constant rotation 
10 rate, into electric energy to store it therein. 

[0046] Thereafter, if the switching device SW2 that has been ON is turned OFF when the rotation angle 0 becomes 
0 3, the current flowing through the winding is regenerated into a power supply. 

[0047] If 8 3 is set to be larger than the angle 6 d at which the inductance L becomes the constant value LO, the 
current which has increased turns to decreasing because the region where (dL/d 0) in the equation (2) is 0 is included. 

15- This makes generation amount of electric energy decrease, which should be avoided.. 

[0048] As described above, according to this embodiment, the reflux mode lies between the supply mode and the 
regenerative mode. Therefore, even the rotation number per unit time of the rotor is low, prominent increase of the wind- 
ing current is prevented; For this reason, as constituent parts of the driving circuit such as the power device containing 
the switching devices SW1 , SW2, the diodes Di, D2* and others, parts having a small current capacity can be 

20 employed. As a result, since normally such parts are inexpensive rather than the parts having the large current capacity, 
reduction in cost and size of the SR motor can be achieved. 

[0049] Also, if the reflux mode is executed after the execution of the supply mode, rotation energy of the rotor is 
accumulated in the winding as electric energy, and the current flowing through the winding gently rises without consum- 
ing electric power as shown in FIG.6D. For this reason, in the regenerative mode after that, the electric energy the 

25. amount thereof is more by the rising is obtained. 

[0050] Particularly, in this embodiment, the supply mode starts before the peak (0 0) of the inductance of the wind- 
ing during the rising period of the inductance along with the rotation of the rotor, and the reflux mode starts at the begin- 
nings of the ► falling period of the inductance of the winding along with the rotation of the rotor. Therefore almost all the 
range in which the inductance falls as the rotor rotates, and thus electric energy can be inherently generated, can be 

30 utilized to incre^septh^ generation amount of electric energy! Further, the regenerative mode starts before the end of 
the falling period bf the inductance of winding along with the rotation of the rotor so that the reduction of the generation 
amount of electric energy can be avoided. 

[0051] In this embodiment, the rotation angle 0 of the rotor is always detected, and the supply mode starts when 
the rotation angle 6 of the rotor reaches the predetermined angle 6 1, the reflux mode replaces the supply mode when 
35 the rotation angle 0 reaches the predetermined angle 0 2, and the regenerative mode replaces the reflux mode when 
the rotation angle 0 reaches the predetermined angle r 0 3. Another criterion can be, however, applied such that the 
reflux mode replaces the supply mode when winding current detected by a current detector reaches a predetermined 
first current value 12, and the regenerative mode replaces the reflux mode when the winding current reaches a prede- 
termined second current 13. The second current value 13 may be set to be larger than the first current value 12 



50 



55 



Second Embodiment 



[0052] A second embodiment of the present invention will be explained with reference to figures hereunder The 
configurations of the SR motor and the SR motor driving circuit according to the second embodiment of the present 
invention are same as those of the first embodiment as shown In FIGi4 and FIGS;5A to SC. 

[00531 FIGS:7A to 7C are views showing execution timings of respective 1 modes, wherein FIG.7A shows a relation- 
ship between the rotation angle of the rotor (abscissa) and the inductance (ordinate), FIG.7B shows a relationship 
between the rotation angle of the rotor (abscissa) and the winding voltage (ordinate), and FIG.7C shows a relationship 
between the rotation angle of the rotor (abscissa) and the winding current (ordinate), 

[0054] As shown in FIGS.7A to 7C, in the second embodiment, the supply mode is started by turning ON the 
switching devices SW1 and SW2 simultaneously when the rotor reaches a predetermined rotation angle 0 on at the end 
of the rising period of the inductance L. thus/ the current flowing through the winding set C is increased. Then the 
regenerative modejis executed by turning OFF the switching devices SW1 and SW2 simultaneously when the induct- 
ance L is torne^^ or when the winding current detected by the above current sensor (detected current) 
reaches at predetermined upper limit value i m at a point of time in the succeeding falling period. Thus, the winding cur- 
rent is reduced. Then; the reflux mode is executed by turning ON the switching device SW2 while keeping the switching 
device swi in its off state as itris when the detected cu item detected: by the ; above current sensor comes up to a pre- 
determined lower limit value. Thus, the windirig current 
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t°°55] In the following, when the detected current reaches the predetermined upper limit value and the predeter- 
mined lower limit value respectively, the reflux mode and the regenerative mode are alternatively repeated. Then when 
the rotor is positioned at a predetermined rotation angle 9 off (at a point of time prior to a point of time when the induct- 
'L ! r ° m the fal " n9 to the P ,ateau >' repetitive control of the regenerative mode and the reflux mode is com- 
pleted. After this, the regenerative mode continues until the current becomes zero. 

-°°^L . 4l Acc ?^i ng t0 this embodiment, since the regenerative mode and the reflux mode are alternatively repeated 
such that the wmding current is held in the range between the predetermined upper limit value and the predetermined 
lower imit value after the supply mode is executed, the prominent increase of the winding current can be prevented 
even ,f the number of rotations of the rotor is in the low rotation range, and the winding current can be held below the 
predetermined value. Therefore, as constituent parts of the driving circuit such as the power device containing the 
switching dev.ces SW1 . SW2. the diodes D1 . D2, and others, parts having a small current capacity can be employed 
As a result since normally such parts are Inexpensive rather than the parts having the large current capacity, reduction 
in cost of the SR motor can be achieved. 

F 0 ? 571 , 'P addition, the winding current is reduced by the execution of the regenerative mode, but the winding current 
.s increased (recovered) by the execution of the reflux mode. Therefore, the winding current can be held within the pre- 
deteirnined range (range, between the upper limit value and the lower limit value), and thus the output is not reduced or 
the output can be increased higher even if the current peak is suppressed low 

55ft . * ddition ' in the above embodiment, since the supply mode is executed In the rising latter half period of the 
winding inductance L and also the regenerative mode and the reflux mode are executed successively in the fallino 
period of the winding inductance L, efficiency of power generation becomes high. . 9 

[0059] Here, the circuit equation in the supply mode is given by . 

L(di/dt) = V-Ri-(dL/d9)i to. (3) 

^^^'!^' 1 * e, ^ a, v ^* a 8* feV - *• wrtndlng-rwteiance is aWwjnding.curwnt 'te J; the-rate of 'change of 

Iri «n® refjiix mode, since the voltage applied across the winding is OM, the circuit equation is giyen by 
. ; L(di/dt) = -(R + (dlVd 6)<o)i 

' by substituting V <f ^M(3)'. At litis time, the current Is increased if ,:' 

-(R + (dL/d e)»)i > 0 . . 

fZl^Z re«ux mode is executed in the felling period of the winding induct- 

[0061] Accordingly, the inequality in Eq.(4) is given by 

<D > -R/(dL/d e) (5) 
SSIrl^^ffiftl? * a *Ti " umb r;° f - r0taXi0ns condition to increase •* 'n the reflux mode. 

S^^w? * S ^ re L^ ne ^- e mode ' v< * a 9 e aPP'ied-between both terminals of the winding denotes the 
backward b.as. Therefore, substituting V = -E (E is the power supply voltage) into Eq.(3) yields 



L(di/dt).= -E - (R+(dL/d 6)a>)i 



Then, the current can be reduced if 



' ' / .; ■ ■: -E - (R + (dL/d 8)co)i < 0 (6) 

[0663] Now. if It is assumed that the condition defined by Eq.(4) cap be. satisfied, the inequality 

i < -E/(R ' + (dL/d e).e>) (7) 
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can be given. This Eq.(7) yields the maximum, current condition to reduce the current in the regenerative mode. If quite 
normal values E = 100 V and <*> = 1 000 rpm, for the purpose of reference, are substituted into Eq.(7), the winding current 
i < 58 A can be given. 

[0064] FIGS.8A to 8D are graphs showing simulation results obtained when the configuration according to the sec- 
5 ond embodiment Is employed. FIGS.3A to 3D are graphs showing simulation results obtained when the configuration 
in the prior art is employed in contrast to the above. FIGS.8A and 3A show a relationship between the rotation angle of 
the rotor (abscissa) and the inductance (ordinate), FIGS.8B and 3B show a relationship between the rotation angle of 
the rotor (abscissa) and the winding voltage (ordinate), FIGS.8C and 3C show a relationship between the rotation angle 
of the rotor (abscissa) and the winding current (ordinate), and FIGS.8D and 3D show a relationship between the rotation 
10 angle of the rotor (abscissa) and the torque (ordinate). 

[0065] These simulation results are obtained at the time of 700 rpm/1 kW output. In order to attain the same output, 
the current peak can be considerably reduced like 300 A rather than 540 A in the prior art. Accordingly, it can be under- 
stood that the peak of the torque is reduced and becomes uniform and thus torque ripple can be reduced. 
[0066] Next, the upper limit value i m and the lower limit value that are current values used to control mode switching 
is timing during the repeating period of the regenerative mode and the reflux mode will be explained hereunder. In this 
disclosure, a value corresponding to a difference between the upper limit value and the lower limit value is referred to 
as a current amplitude A i. 

[0067] It is possible to say that the smaller current amplitude A i is advantageous to the SR motor. The reason for 
this can be given as follows. That is, the above repetitive control is finished at the point of time when the rotation angle 

2b of the rotor reaches e off after the regenerative mode and the reflux mode have been repeated, and then the regenera- 
tive mode is executed until the current is reduced to zero. In this case, it is a matter of course that the range of the cur- 
rent value taken at the instant of is small as the current amplitude A i becomes small, and therefore variation in a 
pow generation amount In the regenerative mode can be reduced after the rotor has passed through e off . In addition, 
! f ^f^?! 'a^Jta^AJ.bfxwmes smaller, the torque ripple can be reduced much more and also the average current 

25 can bb increased, and therefore the power generation amount can be increased correspondingly. 

[0068] Oh the.cbntrary, there is a problem that, if the current amplitude A i is made small, switching frequencies Of 
the switching devices SVyi , SW2 become higher. Normally, the maximum value of the switching frequency that is allow- 
able in specifications of the switching device is decided. Thus, if the switching device is operated at the frequency that 
exceeds the maximum value, the proper operation of the switching device cannot be assured. In the worst case 

30 destruction of the switching device may be brought about. 

[0060] Accordingly, ideally it is preferable that the current change period in the repetitive period of the regenerative 
mode and the reflux mode, i.e., a time A t that correspond to a sum of respective execution times of the regenerative 
mode and the succeeding reflux, mode, should be set to coincide to the minimum switching period (reciprocal of the 
m^rrium switching frequency) A to of the switching devices SW1, SW2. 

35 " :: ^j^ippship/betvyeen the current amplitude A i and the current change period At in the repeating period 

can be derived as follows. yp 
[0071] That is, the circuit equation of the SR motor is given by 

4q di/dt = {V - [R + <o(dL/d 8)]i}/L(0) (8) 

V V^ * V ' resistance s R, the winding current is i, the rate of change of 

the current s (<Wd ) the number of rotations of the rotor per unit time is <^ the winding inductance of the rotor at the 
rotation angle 0 is L(0), and the rate of change of the inductance is (dL/d 6). 
^ S^I 2I y - (constant) because the current amplitude A i is sufficiently small and that 

SSI "t^^^^^^^ the ,OW $peed rotation ^discussed herein. Thus, the rate of change (di/dt) otthe current 

In other words, in the regen- 
erative njode (1 is appended as the index), substituting V = -E (E is the power supply voltage) into Eq.(8) yields 

sd di 1 ydt l =^E«[R+(o(dl7de)]i m VL m (9) 

[0073] In the reflux mode (2 is appended as the index), substituting V = 0 into Eq.(8) ytelds 

dl 2 /dtg - ,[R + <*>(dL/d 0)]i m /L m (10) 

55 Since the current amplitude A i at this time is equal in respective modes, 
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are given. Also, the current change period (time period corresponding to a sum of execution times of the regenerative 
mode and the following reflux mode) A t in the repeating period is given by 



At«dt 1 +dt 2 (12) 



Therefore, 



At = Ai • EL m /(a(E-cc)) (13) 
? can be derived based on Eqs.(9) to (12), where 

' a = -(R + co(dL/de))i m 
[0074] If the current amplitude A i which can provide A t shown in Eq.(1 3) to satisfy * ' " ' 



AtSA *o (14) 



. . ^re^ .^^inimurn iS witching period A tO (reciprocal of the maximum switching frequency) of the switchina 
M « . 3W2 Is cal^lajexl -and then the upper limit value and the lowerlimft valued the cuLt to conTro. ne 
iSffiSSS^I^^r th i S CUrrent ampUtUde A m * ***** operations of the Switching devices SW1 , 
f^^A^T^t*^?* ^ thS Pr0blSmS of the breakdow ". *** are not caused at all. In this case, it is pref- 
Za^VSS?^ *" ?* 6qUa ' ity Sig " in ' B *< 14 >-' Thte * because the breakdown of the switching 

; devic^s .Syyi , SW2 |s never caused, variation in the power generation amount can be reduced as small as possible 
and the, power generation amount can be increased as much as possible. Then, dedsion of the inductance (instant 
neous inductance) L m n Eq.(13) will be exp,ained hereunder. As shown in MfXio^^J^SSSS^ 
t^rapeaftngpenodofme^ 

SSfnSSf l* ,aPSe ° f fime ** Peri0d when the winding inductance L is reduced as rotor 

■32S : 2££STv ^w'toh.nglpequency reaches a maximum in the last one period (seethe A portion in HG.7C) ofttTe 
^rrent change .n the repeating period. This is because the inductance L can be reduced to accelerate the cu^rrem 

not exceed the max.mum switching frequency of the switching devices SW1, SW2, the actual JZZ££Z£% 
Jes^ch,ngdev,ces;SW1,SW 2 never exceeds the maximum Etching frequency over me^re^clSre^ea? 



period of the repeating period maximum swrtchlng frequency overthe entire 

•allino period of iinduoferiee t4»«TJ!3Zl\2»tS? f ? ? ' f? ^*^ <9,«.PQW of time during the 
inducBneo u. In « s case L oZmSwl K °"? f * L »» M» 
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as an average inductance in the last one period. Therefore, it can be estimated that the period A t at this time becomes 
very close to the minimum switching period A to, so that the power generation amount can be increased up to the max- 
imum. 

Third Embodiment 

[0079] A third embodiment of the present invention will be explained with reference to the drawings hereunder. In 
the above second embodiment, the upper limit value i m of the current and the current amplitude A i to control the repeat- 
ing operation of the regenerative mode and the reflux mode are set constant in the overall repeating period of the regen- 
erative mode and the reflux mode. In contrast, in the third embodiment, the current amplitude A i is changed positively 
with the lapse of time (rotation angle of the rotor). Since an overall configuration of the SR motor and a configuration of 
the driving circuit are similar to those in the above first embodiment, their explanation will be omitted. 
[0080] In the above second embodiment, the current amplitude A i is set such that the switching period A t of the 
current change in the last one period during the repeating period does not exceed the minimum switching period A to of 
the switching devices SWT, SW2. If the switching period is controlled to make the current amplitude A i constant, the 
actual switching period in the former half (see the B portion in FIG.7C) of the repeating period becomes longer than the 
minimum switching period and thus the switching capability of the switching devices SW1, SW2 is not fully utilized. 
Therefore, the current amplitude A i in this period is set smaller than the current amplitude A i in the last one period, it 
is Possible to increase the power generation amount much more; 

[0081] This event will be explained with reference to FIG.10 hereunder. First, if the supply mode is started by turn- 
ing ON the switching devices SWT, SW2 simultaneously when the rotor is positioned at the rotation angle 9 0n in the ris- 
ing latter half period Of the Inductance, the current is increased to reach the predetermined upper limit value i m of the 
current. Then, the rotation angle e m of the rotor is detected at that time. Assume that an inductance (initial U arrival 
inductance) L 4 at a point of time of the angle © m is stored and held previously in a memory device of a controller Then 
the current amplitude A i at this time (this value is referred to as A i,) is calculated by Substituting the initial i m arrival 
Inductance L 4 into the inductance L m in Eq.(l3) in the second embodiment. The current amplitude A i at the time of e « 
(R value is referred to as A i 2 ) hasalready been calculated by substituting the 9 eff 4ime inductance L2into Eq (13) 
- : V^'% ^ 1^ # e P*a«on aha'® ©of the rotor is changed from 0 m to 6^ whereas the current amplitude A i is 
changed linearly from A ii to A i 2: Accordingly, as shown in FIGS. 1 1 A to 11C, not Only the actual switching period A t 
becomes substantially constant in the overall repeating period of the regenerative mode and the reflux mode but also 
to hT 10 -" 9 PSripd 4 ' ° an substantia "y coincid e to the minimum switching period A to, and thus it is possible 

amount and ****** riPP'e can be curbed. Therefore, the bad on the power supply and the 
auxiliary parts thereof (capacitor connected in parallel to the power supply) is reduced. Here FIGS 1 1 A to 1 TC are 

naW FlI Si £2ES£ ^onshipbetween the rotation angle of the rotor (abscissa) arid the A^ES^S 
£2&?"l£ l^ri* r t lat,onsh,p between the rotation angle of the rotor (abscissa) and the winding applied vdtage 

is calculate! SS^fSr^'' 8 current command value i m and a current detection value 
2? SSTtfS? ne 9 a « ve . aching device SW2 .stunted 6^to^^e^^. 

using general^purpose parts, and also the production cost can be reduced ' * V 

sS a^S?!Slf m * t WM cUrrent COntro,is a PP««dv « is easy to make the switching period A t con- 
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Fourth Embodiment 
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15 



20 



[0085] A fourth embodiment of the present invention will be explained with reference to the drawings hereunder In 
the above second and third embodiments, after the supply mode has been executed, the regenerative mode and the 
reflux mode are executed repeatedly. In contrast, in this fourth embodiment, after the supply mode (first supply mode) 
has been executed, the regenerative mode and the supply mode (second supply mode) are executed repeatedly. 
[0086] FIGS.12A to 12C are views showing execution timings of respective modes according to the fourth embod- 
,m !l! •*!! P^ rt Invention, herein FIG.12A shows a relationship between the rotation angle of the rotor (abscissa) 
and the inductance L (ordinate), FIG.12B shows a relationship between the rotation angle of the rotor (abscissa) and 
he winding applied voltage (ordinate), and FIG.12C shows a relationship between the rotation angle of the rotor 
(abscissa) and the winding current (ordinate). 

on^TJ" T S - 12 t£J 2 iL in f ° Urth embodiment - the su P p.y mode (first supply mode) is started by 
taring Ot? the switching devices SW1 . SW2 at the same time when the rotor is positioned at the predetermined rotatioi 

tk S" 9 f ^ h ! " ^ ° f *" inductance L; Accordingly, the current flowing through the winding is 
.ncreased. Then when the winding current (detected current) reaches the predetermined upper limit value i m at a point 

SEEK* J?? 0 ? b *J" ° r succeedi "9 fallin 9 P«** the regenerative mode is execu^ by 

^T^^^L *V 1 SW2 simultaneou ^ Accordingly, the winding current is reduced. Then, when 

'fi^d^Zf 0 ?^? U f >Per A mit / Va ' Ue by the P^^ined current amplitude A I to thus reach the predeter- 
^SSr^f 8 ^"? 6 <SeC ° nd su PP'y mode > is ^ turning ON the switching devices SW1, 

SW2 at the same time. Accordingly, the winding current is increased once again 

■S^^-SS^^^J* 1 ^ 0 ^ reaCheS thS "PPer »mit value and the predetermined 

*S^Z£X**?V& reoe " e '^ ve supply mode are aftemaHvely executed repetitively. Tne„ 

when.the rotor is positioned at the predetermined rotation angle e otf (at a point of time prior to a point of time wLn the 

is ^S^SSS^S^ fa " in9 t0 ** P ' a,eaU) ' thS rGpeatin9 **** of the regenerative mode a^he S up pl y 
nS^i C ^ mp ' eted - Tneni the regenerative mode is executed until the current is reduced to zero 
S. ^^ 8 ^ embodiment, in the control method Of repeating the regenerative mode and the sup- 
SnnT&S ^ ? V rSaS f L the cunent in ^e reflux mode is gentle when the SR motor is used in the low rotational 
range, the executon tome of the regenerative mode is shortened corresponding the gentle increase t "thus deduce the 

SSSSS^^W^ to thus increase thepower generation amount Also, -in the very loSS ran^e 
^wh^^u^rof^otations of the rotor is further low, the current is not increased by carryingout there™ mode 
as^dee^^abo^vH 

t» mmy*******™* not to cause the preblem np,aceoftnerefluxmode ' 

embodiment, me sm^ in the above second 

similar, explanation will be omitted advantageous to the SR motor. Therefore, since Its control is almost 

V = E in the supply mode into Eq.(8) yields amplitude A i must be applied. In other words, substituting 

di 2 /dt 2 = {E-[R +tt >(dL/de)]i m }/L m (15) 
[0092] Accordingly,: 

... " •' •■ v • •■ " ...... . ■ ... 

I ' - A t = A f ♦ 2EL m /(E 2 -a 2 ) • (16) 

mlJranf^pptSS 8 ^ *e overall repeating Wod of JregeneraXe 
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tude A i can be positively changed with the lapse of time (rotation angle of the rotor) in the repeating period of the regen- 
erative mode and the supply mode. 

Fifth Embodiment 

[0095] A fifth embodiment of the present invention will be explained with reference to the drawings hereunder. In 
the above second embodiment, after the supply mode has been executed, the regenerative mode and the reflux mode 
are executed repeatedly. In the above fourth embodiment, after the supply mode (first supply mode) has been executed 
the regenerative mode and the supply mode (second supply mode) are executed repeatedly. In contrast, in this fifth 
embodiment, above operations are employed in a mixed manner. 

[0096] FIGS.13A to 13C are views showing execution timings in respective modes according to a fifth embodiment 
of the present Invention, wherein FIG.13A shows a relationship between the rotation angle of the rotor (abscissa) and 
the inductance L (ordinate), FIG.13B shows a relationship between the rotation angle of the rotor (abscissa) and the 
winding voltage (ordinate), and FIG.13C shows a relationship between the rotation angle of the rotor (abscissa) and the 
Winding current (Ordinate). 

[0097] Asshown in FIGS.13Ato13C, in the fifth embodiment, the supply mode (first supply mode) is started by turn- 
ing ON the switching devices SW1, SW2 simultaneously when the rotor is positioned at the predetermined rotation 
angle e on in the rising latter half period of the inductance L. Accordingly, the current flowing through the winding is 
increased. Then, when the winding current (detected current) reaches the predetermined upper limit value i m at a point 
of time, when the inductance L is turned to fall or in the succeeding falling period, the regenerative mode is executed by 
turning OFF the switching devices SW1 , SW2 at the same time. Accordingly, the winding current is reduced Then 
when the current is reduced from the upper limit value by the predetermined current amplitude A i to thus reach the pre- 
determined lower limit value, the supply mode (second supply mode) is executed by turning ON the switching devices 
PY^h SW2 at the same time. Accordingly, the winding current is increased once again. 

[0098] Similarly when the detected current reaches the predetermined upper limit value and the predetermined 
lower limit value respectively, the regenerative mode and the supply mode are alternatively executed repetitively (first 
repeating mode). Then, when the rotation angle of the rotor reaches the predetermined rotation angle or at a point of 
time when the predetermined number of periods is passed, the regenerative mode and the reflux mode are executed 
repetitively (second repeating mode). That is, when the current is reduced from the upper limit value by the predeter- 
mined current amplitude A i to thus reach the predetermined lower limit value after the regenerative mode has been exe- 
cuted, the : ref|ux mode is executed by turning OFF the switching device SW1 and turning ON the switching device SW2 
and thus the regenerative mode and the reflux mode are repeated. 

[0099] Then; when the rotor is positioned at the predetermined rotation angle e off (at a point of time prior to a point 
pf^^^^u^anod L is turned from the falling to the plateau), the repeating control of the regenerative mode 

sup ^ mod0 is completed. Then, the regenerative mode Is executed until the current Is reduced to zero 
[0100] ^^MNOrid embodiment, when the regenerative mode and the reflux mode are executed repeti- 
tively in ^he -inductance falling period, the execution time of the regenerative mode is shortened to thus undesirably 

r !f 2 ,?!t, re9e T ra,,V ? ?T Unt °l ener 9y since increase in th * ««»* due to execution of the reflux mode is gentle in 
the relatively early period (i.e.. period during when the inductance is relatively large) of the repeating period For this 
reaspn, (n th^f^ the current can be Increased quickly by executing the supply modern ptece S 

n^t th 31 J*** ^ f eCUti ° n time ° f *» ^"^tive mode can be increased correspondingly o *us 
mcrease the generation.amount of energy In contrast, since the increase in the current in the supply mode because of 

of the repeating penod is quick ratherthan the period during when the inductance Is relatively large/the current can be 
increased without pbwer consumption by executing not the supply mode but the reflux mode in this period, and thus the 
power generation amount can be increased as a whole; 

57SI1 * 'l* 6 ® mb , odiment ' like tne above second embodiment, theupper limit value and the current amplitude 
A i that are thacurrent values to control the mode switching timing are employed in the repeating period in which the 
regenerative mode and the supply mode are repeated. Thus, it is the same as the above second embodiment that the 

will beomitted As wrfhabove respective equations in connection with the current amplitude A i at this time, the equa- 
tions discysjsed in the above fourth embodiment are employed in the first repeating mode in which the regenerative 
mode and the supply mode are repeated, while the equations discussed In the' above second embodiment are 
f™/ ? : SeCOn(, repeating mode irtwhich the regenerative mode and the reflux mode are repeated. 
[0102]: ^ It is similar to the above second embodiment that the current amplitude A i for' the' repetition control can be 
^ St .^ tant J h J he overall repeating period of the regenerative mode and the supply mode. Also, it is similar to 
the above th.rd embedment that the current amplitude «y can be positively changed with the lapse of time rotafion 
angle of the rotor) in the. repeating period of the regenerative mode and the supply mode. 
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Sixth Embodiment 



[0103J A sixth embodiment of the present invention will be explained with reference to the drawings hereunder. This 
sixth embodiment intends to optimize a start timing of the supply mode or the first supply mode, which is finished at the 
same time when the repetition mode is started (referred also to as the initial supply mode hereinafter) and a start timing 
of the regenerative mode, which is started at the same time when the repetition mode is finished (referred also to as the 
last regenerative mode hereinafter) in the above second to fifth embodiments, from the viewpoint of increasing the 
power generation amount. 

[0104] FIGS.14A and 14B are views showing start timings of the initial supply mode according to the sixth embod- 
iment of the present Invention, wherein FIG.14A shows a relationship between the rotation angle of the rotor (abscissa) 
and the inductance L (ordinate), and FIG.14B shows a relationship between the rotation angle of the rotor (abscissa) 
and the winding current (ordinate). FIG.15 is a graph showing a relationship between start timings in the supply mode 
and the power generation amount if the first current value is set variously in the sixth embodiment of the present inven- 
tion. FIGS.16A and 16B,are views showing start timings of the last regenerative mode in the sixth embodiment of the 
present invention, wherein FIG.16A shows a relationship between the rotation angle of the rotor (abscissa) and the 
inductance L (ordinate), and FIG.16B shows a relationship between the rotation angle of the rotor (abscissa) and the 
winding current (ordinate). . 

[0105] First, FIGS.14Aand 14B are referred to hereunder. The initial supply mode is started when the rotor reaches 
the certain angle e on , and the current flowing through the winding is increased. Then, the Initial supply models ended 
and at the same. «me the repetition mode is started when the current reaches the predetermined upper limit value i 
l£the repetition mode, the regenerative mode and the reflux or the supply mode (second supply mode) are repeated 
Then; the repetHion mode is terminated and at the same time the last regenerative mode Is started when the rotor 
reaches ihe certain angle e^ff ; Thus, the current flowing through the winding is reduced finally to zero and then one 
period of this control method is finished. Here, the power generation amount can be derived as a difference between 
the total regenerative power in the regenerative mode and the supply power in the supply mode 1 
r-PPi F P r ^(s reason, if the predetermined upper limit value i m of the current is^decided; a start timing e„„ of the 
I"!*! St,pP ^ m ode serves as, 90 lm P?rtent factorto affect the power generation amount. If this start timing e on of the 
fnitia supplv mode is set between 0<9 bn <e v it is possible to accelerate the rising of the current and also reduce the 

(zero) at a polnt of time when a period in which the winding inductance is lowered as the rotor rotates is 
M^l^^m-yf^hm^n^ ^ches the maximum inductance L,, and the rotation angle of the rotor is 
ff / ? 1 8 P. 01 " of . time when the Period in which the winding inductance is lowered as the rotor rotates is ended, 
i.e., when the winding inductance reaches the minimum inductance Lq. 

o° 1< i?«t ST^- IfafcW****^ (or supply) repeating period is shortened by the Initial supply mode if 

^^^^e^mf mt ^ 9on is leaded toward the direction of 9 0n < 0, the regenerative/reflux repeafina 
S £S? tne re 9 enerative Power can.be increased. In this°case, if the start mmX^ESS 

ahceSeSo SS^f? ^ *» ■««* P ower sinc * the *tart*ng.e * Seated in the induct: 

S3S?^;l* a ^f' the P ° Wer generation amount is also reduced. It can be understood based on the 
STLHjJSSr < Si ?UPP!y ^ m<S *• re 9 enera « ve Power is changed according to the start angle e on and 
J P ^« m ve'"e of e on ,s present to maximize the power generation amount. • • ° n 

at wSch the wfS il F S ?4B, , the t d S ti !? Um Va ' Ue range iS 9iven as 6 on i * 9 « s 6 °n 2 . Ah angle e on 2 is an angle 
at V^^-win^ lncluclance, is started to reduce as the rotor rotates, and coincides with 0 in FIG 14B An artale 6 

T^^^^ 9S " PN ^ aftef WhiCh th6 * ach **** P^'nJned" ™&*££l 

power generation amount when the ON timing e on is changed, and 
shows the cases where the current upper limit value is set to 6. 7, 8 A respectively. In FIG 1 1 the abscissa denotes the 
^^^mmm^mpsomme denotes the pow^^ 

SSSSSSS^^f^fP^ tOP Snd ofthe8aBe nt Pole of the Bmr^m&*Mto<**M 
• S^ffi^^S^ -^ te ^ P ^- <rfth0 the rotor rotation direction are positioned opposite 

-SSSffiLS v^- 1 M n angle range from 6=0 as a reference to another angle (leftside position) indicated by the 

b directio na | gives- the ON timing which satisfies the winding current can reach the upper limit value L, at 0=0 As 

^SIS^^^.^ * ^ m ^ lmi26 Powergeneration amoun^r each cun^m uppe^mu 
oower oSMn ^ FIG.15 mdicated . by the bidirectional arrow It can be understood that the highly effective 

[0110] Then, like the ^ above start timing. (e on) of the initial supply mode, a start timing of the last regenerative 
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mode is an important factor to affect the power generation amount. If 9 0ff is lagged rather than 0 T , the regenerative 
power can be increased. However, since the start timing 9 off is located in the constant inductance period, the falling of 
the current is accelerated and also the regenerative power in the last regenerative mode is reduced. As a result, the 
power generation amount is reduced. 

[01 1 1 ] In contrast, if e off is leaded rather than 9 t , the rising of the current becomes slow and the regenerative power 
in the last regenerative mode can be increased since the start timing 9 off is located in the inductance reducing period. 
If 9 off is too leaded, the regenerative/reflux (or supply) repeating period is shortened and as a result the power genera- 
tion amount is also reduced. It can be understood based on the above that the optimum value of 9 off is present to max- 
imize the power generation amount. 

[0112] As shown in FIG.16B, the optimum value range is given as 0 off-, £9 off S e off 2 . An angle e off 2 is an angle 
at which the winding inductance starts to be the minimum constant value as the rotor rotates, and coincides with 9 , in 
FIG.16B. An angle 9 off 1 is an angle which provides an OFF timing after which the current reaches 0 at the rotation 
angle of the rotor 9 = 9 off 2 (=0 1 ) . It can be understood that highly effective power generation can be achieved by start- 
ing the last regenerative mode (by turning OFF the switching devices SW1 , SW2 simultaneously) within the range from 
9 off 1 to 9off 2 . 

[0113] As described above, the power generation amount can be maximized by controlling the start timing (angle) 
9 0n of the initial supply mode and the start timing (angle) 9 off of the last regenerative mode into the optimum value range 
respectively. 

[0114] Since the inductance waveform in the actual motor is not formed as the chopping waveform having shape 
edges shown until now (formed as a waveform having rounded edges), the angle 9 on 2 at which reduction of the induct- 
ance starts and the angle 9 off 2 at which the inductance comes close to the minimum value cannot be defined precisely 
In this case, ideally the inductance waveform can be derived from the motor shape and these angles can be given bv 
following equations. " y 

9 on 2 ={(circular arc angle 9 R of the salient pole of 
the rotor)-(circular arc angle 9 s of the salient pole of the stator)}/2 

9 off 2 ={(circular arc angle 9 R of the salient pole of 
the rotor)+(circuiar arc angle 9 s of the salient pole of the stator)}/2 

jSr^fk ^ - S9 ' AT l *!! mQtof ln whlch the -inductance waveform becomes the irapezoidal waveform, as shown in 
pig.17. for example, these angles can be defined according to these equations. 

[0116] In this manner, the angle 9 on 2 at which the period during when the inductance of the rotor is reduced as the 
rotor rotates is started and the angle 9 6ff 2 at which the period during when the inductance of the rotor is reduced as 
the rotor rotates is ended can be obtained by calculation. 

52li bG exp,aln * d he reunder * method of detecting the start angle 9 on, of the supply mode which 

I^^S^^T 9 T^-T^S th6 UPPer ,imlt Va,Ue lm at the an 9 ,e *=° of the ^tor and the start angle 9 off" 
^.1^ , oftherotor £ 

Su^ P ° Wer SUPPfy VO,ta9e ' m ° t0r C ° nSta ^ th * -P~* the predetermined upper nZ 

[0118] First, the start angle 9 on, is obtained. If the initial supply mode is started in the period in which the windina 

ST 6 t ^ T: OU * 6 * ^ M at the **** « **» J* give? by the SS^^SZ 
gf|5g? equation underthe assumption that the inductance is appr^imated by the chopping wLform as 




1- f L^ K^ 1 



..(17) 



where K L * (L 1 - L d )/9 , and A = K L • <o/R . 

^2n M L l !!. th ° = r?2T Urt ? lndUctanc * of ^vrtrmhiQ. Lq is mo minimum Inductance of the winding, R Is the 

resistance of the winding, E is the power supply voltage, i m is the predetermined upper limit value of the current, and a> 
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is the rotation speed. Also, if the rotor angle which gives the inductance L 1 or the rotor angle at which the salient pole 
of the stator faces perfectly to the salient pole of the rotor is set to 8 = 0, 0 1 is given as the angle at which the winding 
inductance starts to be the minimum value as the rotor rotates or the angle which is calculated by 
{(circular arc angle 6 R of the salient pole of the rotor) + (circular arc angle e s of the salient pole of the stator)}/2 
[0120] After substituting the condition of 6 on, , i.e., the winding current i = i m at the rotor angle e = 0 into Eq (17) 
9 o^ can be calculated by solving e on. " 



10 



e. 



OB J 



| t q+AVR-i. ji5:_ i 



.... (18) 



15 



SO 



l V *j \ : A<^prtingly, when the power supply voltage E, the motor constants, the rotation speed <o and the predeter- 
mined upper l.m.t value J* of the current are given, it is possible to maximize the power generation amount for any e off 
by controlling e oh witoin the range : .gjven by following equation. off 



25 



K, 



. • (19) 
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35 



40 



lm : 



E/R 
A-l 



. . . (20) 



45 



50 



where K L = (L, - L 0 )/© , and A = K L • <d/R . 

3nc^ ^ ^minimum inductance of the winding, R is the 

is the rotation speed;^ 

of the stator ^p^^^^^t^^ m ^<**™° «-i or the rotor angle at which the salient pole 

Inductance starts t6 be toe ^ ni^ va^f^h? ^ ° = °' 6 1 * 9iVen th * a " 9,e * "*«* *• wir ^9 
{( circular a^^^^ rotates or the angle which is calculated by 

After Substituting the cohdHion of© oft i e l! 22* < ! n ^ ° s ° f Salient po,e of * e stator » /2 • 
■be-mm^mutg 6 off 11 ■ nC " n9 CUrr6nt ' * ° at the rotor ah 9 ,e 6 = 8 i **> Eq.(20), 6 off, can 
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e. 



offl 



1 



L 1 -(L 1 -K L © I ) 



E + (1-A)-R.i, 



. - (21) 



[0124] „. Accordingly, when the power supply voltage E, the motor constants, the rotation speed co and the predeter- 
mined upper limit value i m of the current are given, it is possible to maximize the power generation amount for any 6 on 
by controlling e off within the range given by following equation. ' 



1 



L I -(L,-K L fi 1 ) 



A 1 

I A-l 



E + (l-A)Ri r 



*0 off *0t ...(22) 



[0125] The aboye-mentioned embodiments are set forth to make the understanding of the present invention easy 
and arejiot set forth to limit the present invention. Therefore, respective elements disclosed on the above embodiments 
invention 6 ! - erpr ? ted to include * desi 9 n ™<* equivalents which belong to the technical range of the present 

^iP* ^P' 9 ' th? number of the salient poles of the stator and the rotor and the number of phase are not 
limited to those in the above embodiments, and others may be applied similarly. 

fh 12 ? ui.. !I Sh ^' d be 0nderstood mat many modifications arid adaptations of the invention will become apparent to 
da^l^X Jed^hereto ? ^ ! ° * nCOmpasS sucn obvious modifications and changes in the scope of the 

Claims 

1 " ^uS^ZS^^^ SR WhiCH inC ' Ud ^ S 3 Stat ° r (3) navin 9 a Plurality of salient poles (3a) with windings 
2 SZ 7™* " d ? enerat '"9 "«9netic fields therein, and a rotor (2) having another plurality of saliL potest X 
Z^/SiST 8 - T*^' cnan 9 eab, y as the rot ° r » states, a supply mode for supplying powe?fro^fpower 
anda regenerative modefor recovering eiectromotiVe force genemted in the winding?^ 

2 " rnSaSer^ 9 * 0 ^ ' ' supp,ymod * the ^ mode, and the regenerative mode are executed 

^l^'S, C '\ m & - Wherein the SUpply mode starts i" ^ period in which inductance (L) of the windings 

rej^ *• regenerative mode 

(2) Ses. P ^ ^e inductance (L) of the windings (7) fe reduced as 

ttr^^ 000 ^? 9 *° C ' aim 1 ' Wh6rein the reflux mode re P ,aces *e supply mode when the rotation angle (©) of 
the rotor .(2) reaches a predetermined first: angle, and the regenerative mode replaces the reflux mode when he 
rotation angle e reaches a predetermined second angle. 

: i2S^!S^S^f^^ mode replaces the Supply mode when a current (I) flowing 

through the windings (7> reaches a predetermined first current value, and the regenerative mode replaces thS 



3. 



4. 



5. 
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reflux mode when the current (i) reaches a predetermined second current value higher than the first. 

7. A method according to claim 1, wherein after the supply mode is executed, a repetitive mode during which the 
regenerative mode and the reflux mode are repeated alternatively is executed. 

8. A method according to claim 7, wherein the repetitive mode is executed in a period in which inductance (L) of the 
windings (7) is reduced as the rotor (2) rotates. 

9. A method according to claim 7, wherein a current (i) flowing through the windings (7) is detected, and, in the repet- 
itive mode the regenerative mode is executed when the detected current (i) reaches a first current value, and the 
reflux mode is executed when the detected current (i) reaches a second current value lower than the first. 

10- A method according to claim 7, wherein a switching period of the repetitive mode in which the regenerative mode 
and the reflux mode are switched is constant, and the current value flowing through the windings (7) is controlled 
to change a ratio of a period of the regenerative mode to a period of the reflux mode in each switching period while 
keeping the switching period constant. 

11. A method according to claim 7; wherein the repetitive mode is executed only when the number of rotations of the 
rotor per unit time is larger than -R/(dL/dO) , where R is resistance of the windings and (dL/dG) is a rate of change 
20 of the inductance of the windings. ~ 

12: A method according to claim 9, wherein the first current value is set to be a value smaller than 
-E/(R + ( dL/d 8) • o>) , 

where co is a number of rotations of the rotor per unit time arid E is a power supply voltage. 

13; A method according to claim 12, wherein a current amplitude A i which is a difference between the first current 
value and the second current value is set to satisfy A t s A ^ where A t is a current change period in the repeating 
periods, which the repetitive mode is executed, and A to to is a minimum switching period of switching means con- 
nected to the windings to switch a mode. 

14. A method accordingto claim 13, wherein the current amplitude A i is decided by 

At=Ai • EL m /(a(E-cc)), 

where a = -(R ^ co(dL/d 6))f m , and R is winding resistance, co is a number of rotations of the rotor per unit time E 
e) is a rate of change of the inductance of the windings. 0 
15/ A m^ claim 13, wherein the current amplitude A i is set constant over the entire repeating period. 

I* A^od:a^ is, wherein minimum inductance of the windings is used as the instantaneous Induct- 

ance ^jn;a^ calculate the current amplitude A i. < - ^ insiamaneous mauct 

" 7 ' t iSdtt^S 9 !° dalm ! 5 ; Where, " n * d "<**nce of the windings at an end point of time of the repeating period 
,u ; • '^ ed a ? * he 'Hstantaneous inductance L m in an equation to calculate the current ^ 9 P ' 

l8 ^nt^ claim 15, wherein inductance of the windings obtained when rotation angle of the rotor is 

given by 0^ - (4t/2) • co is used as the instantaneous inductance Lm in an equation to calculate the current ampli- 
^ tud *^>^ ecurrentampli 

^ ^ the CUITent amplitUde Ai is chan 9 ed ^pending upon the rotation angle of 

the rotor such that the current change period in the P 90 

53 

SmlZS ?* n0rat,n ? mag f « G fie,ds therel "' *" d a rotor (2) having another plurality of salient poles (2a), tSe 
T^^^^^P a first supply mode for supplying power from a power supply (E) to the wind ngs (7V 
^ dUr,n9 whlch * a generative mode tor recbverihg^^ 

ated in the windings (7) intone power supply (E) and a second supply mode for supplying power from the power 
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supply (E) to the windings (7) are repeated alternatively. 

21. A method according to claim 20, wherein the repetitive mode is executed in a period in which inductance (L) of the 
windings (7) is reduced as the rotor (2) rotates. 

22. A method according to claim 20, wherein, after the first supply mode is executed, a first repetitive mode during 
which the regenerative mode and the second supply mode are repeated alternately and a second repetitive mode 
during which the regenerative mode and a reflux mode for setting both terminals of the windings (7) to an identical 
potential are repeated alternately, are mixedly executed. 

23. A method according to claim 22, wherein the first repetitive mode and the second repetitive mode are executed in 
that order in a period in which inductance (L) of the windings (7) is reduced as the rotor (2) rotates. 

24. A method according to claim 20 or 22, wherein a current (i) flowing through the windings (7) is detected, and in the 
is first or second repetitive mode, the regenerative mode is executed when the detected current (i) reaches a first cur- 
rent value, and the reflux mode or the second supply mode is executed when the detected current (1) reaches a 
second current value lower than the first. 

25. A method according to claim 20 or 22, wherein a switching period in which the regenerative mode and the reflux 
20 mode are switched is set constant in the repetitive mode, and the current value flowing through the windings (7) is 

controlled fay changing a ratio between a regenerative mode time and a reflux mode or second sudpIv mode time 
in one switching period. 

26. A method according to claim 24, wherein a current amplitude A i which is a difference between the first current 
value and the second current value is set to satisfy At s At* where At is a current change period in the repeating 
penod in which the repetitive mode , is executed, and At* is a minimum switching period of switching means con- 
nected to the windings to switch a mode. 
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27. A method according to claim 26, wherein the current amplitude A i is decided by 

At= Ai • 2EL m /(E 2 -a 2 ) 



where cc = - (R + co(dL/de )) i m , R is winding resistance, <o is a number of rotations of the rotor per unit time E is 
a power supply voltage, i m is the first current value, L m is an instantaneous inductance of the windings, and dL/d e 
?5 is a rate of change of the inductance of the windings. 

26. A method according . to claim 26, wherein the current amplitude A i is set constant over the entire repeating period. 

29. A method according to claim 28. wherein minimum inductance of the windings is used as the instantaneous induct- 
<o ance in an equation to calculate the current amplitude A i. 

3 °* £ IS?* ^ 0rdl r 9 !° daim 2 ** Wherein fnductanc * ° f *• windings at an end point of time of the repeating period 
is used as the instantaneous inductance L m in an equation to calculate the current amplitude A i. 

5 31. A method according to claim 28, wherein inductance of the windings obtained when a rotation angle of the rotor is 
giverrby e o r( A t/2) • o> is used as the Instantaneous inductance Lm in an equation to calculate the current 
amplitude A I, where e off is a rotation angle of the rotor at an end point of time of the repeating period. 

, . 3 * accx^ng^claim 26, wherein the current amplitude A l is changed depending upon the rotation angle 

o of the rotor such that the current change period in the repeating period becomes constant. 

33, A method according to claim 32, wherein the current amplitude A i is linearly changed from A U to A i 0 as the rota- 
tion angle of the rotor changes from e m to 0 o «, where A i 1 is the current amplitude calculated by using the induct- 
ance at the rotation angle e m of trie rotor when the current of the windings reaches first the first current value as the 
> instantaneous inductance L m in an equation to calculate the current amplitude A i, and A i 0 is the current amplitude 

^H^ a !f ^ , US i ng the ln ^ UGtance at the «**tori angle e off of the rotor at an end point of time of the repeating 
period as the Instantaneous inductance In an equation to calculate the current amplitude A i. 
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10 

36 



34. A method according to claim 7, 20 or 22, wherein the supply mode or the first supply mode Is started at an angle 
prior to a. start angle at which the period during which the inductance of the windings is reduced is started and at 
the angle such that the current flowing through the windings reaches the first current value in a period during which 
the inductance of the windings is reduced as the rotor rotates. 

35. A ^method according to claim 34, wherein an angle represented by (9 R -e s »/2 is used as an angle at which a 
perioddunng which the inductance is reduced is started, where e R is a circular arc angle of a salient pole of the 

■22f£! ^EtTf "5U ° f a , Sa " ent P °' e ° ,th6 S,at ° r> and the an 9 ,e of the rotor at a P° int of «me when the 
salient pole of the stator and the salient pole of the rotor face perfectly to each other is set to zero. 

ra^repreSntedby 0 C ' a ' m 35 ' Where ' n ** ™ 0 * * on °' ****** mode orthe supply mode is set in a 
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37. 



where K L - (L, r L 0 j/e , , A = K L • <o/R , L % is maximum inductance of the windings, L« is minimum inductance 

tEZttZSXS? of IX— * E is a power supp,y vo,ta9e ' is a ** ^tCTiSSS 

aTa^^ 



tP da ' m 37 ' Wh6rein - *<* of *e -est regenerative mode is set in a range rep re- 
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1 



L 1 -(L 1 -K L 0 1 ) 



[E + (l-A).R.iJ 



A 
Awl 



50 



55 



of the windings, R is resistan^eoHhe wSnos E iTaZZ '^^T ° Mh * * ' S m,nimum ,nduct ^ 

speed, and an ahg,e at which a pelted m^S?*? "J* 9 "* V 1 "** current value, a> is a rotation 
an angle at Which the period is tended I is T '"ductance of the windings is reduced is started is O, and 

a first switch isWt) ttW^SSoSZ o 0f * aHenf P°^^l *• SR motor including: 

'U^ set of windings (C) to one polarity 

^^XC^to^^a^^il^^^ confi 9 ured connect selectively an end terminal (T2) of the set 
na. CT1> arid 'the "said ^^S ^S^ M,S,;a0de <D1) Interposed between the start term? 

er poianty (QND) and configured to pass a current only in a direction toward the start ter- 
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minal (T1); a second diode (D2) interposed between the end terminal (T2) and the said one polarity (E) and 
configured to pass a current only in a direction toward the said one polarity (E); and a controller (12) configured to 
control to execute, changeably as the rotor (2) rotates, a supply mode in which the first switch (SW1) and the sec- 
ond switch (SW2) are both connected, a reflux mode in which one of the switches (SW1, SW2) is connected and 
other is cut off, and a regenerative mode in which the switches (SW1 SW2) are both cut off. 



41. An SR motor according to claim 40, wherein the controller (12) executes the supply mode, the reflux mode, and the 
regenerative mode in that order. ~ u 

42. 



An SR motor according to claim 40, wherein after the supply mode Is executed, a repetitive mode during which the 
regenerative mode and the reflux mode are repeated alternately is executed. 

43. An SR motor according to claim 42, further comprising: 

a current detector (11) configured to detect the current flowing through the windings (C) 
wherein the controller (1 2) controls to execute the regenerative mode when a detection current detected by the 
current detector (1 1 ) reaches a first current value and to execute the reflux mode when the detection current 
reaches a second current value which is lower than the first. 

44. AnSR motor according to claim 43, wherein the controller (12) sets a current amplitude A i which is a difference 
between the first current value and the second current value to satisfy A t s a where A t is a current change 
penod in a repeating period during which the regenerative mode and the reflux mode are repeated and A th is a 
minimum switching period of the first switch (SW1 ) and the second switch (SW2). 

45 ' period m0tor * C00rding *° c,aim 441 wherein the current amplitude A i is set constant over the entire repeating 

^ i n J? R T t0 /of ° CO ? , 2 8 *° c,aim 44 . wherein ^e current amplitude A i is changed depending upon a rotation angle 
of the rotor (2) such that the current change period in the repeating period becomes constant. 

4? " T aCCOf ^.!f It" 1 43 ' Wherein thS SUpP ' y mode is siarted at an a "9'« P*>rto a start angle at which 
SZSZ d0 ^which«,e inductance of the windings (C) is reduced is started or at the angle such tha?the current 

^ thS ' aSt re 9 ene * tive ™* is started at a same time when the 

252tTv^ 9 ^, tS 8ta 1 ed atan an 9' 6 P riorto an end angle at which the period during which the induct- 
ance of the windings (C) is reduced is ended or at the angle such that the current flowing through^e^windinas (C) 

eW 2ero 3 Peri ° d dUnh9 Wh ' Ch ^ ' ndUCtanCe ° f thS ^ ndingS <°> is reduced - *e™%r^S£l 
49. An SR motor comprising a stator (3) having a plurality of salient poles (3a) with windings (7) therearound for nan 
a first swrtch (SW1) configured to connect selectively a start terminal (T1) of a set of windings (C) to one polarHv 

GNmLTr, SUPP L y ; 8 ,l,St di ° de (D1) imerpOSed b6tWeen ,he Start te ™ ina ' f"> «* «i saw other polarity 
Cpn, lf red 2° PaSS a CUrrent on, y in a direction toward the start terminal <T1) : a second diode (D2) inte^ 

towid !hT T* "TS 2? ^ th6 Sa ' d °" e PO ' arity (E) and confiaured * P ass a «"™t onty n a d^c- 
whLh S£ > h^? an ^i E): ^ 8 COntr °" er (12) to control to execute a first supply mode in 

which thejirst switch (SW1) and the second switch (SW2) are both connected, and then execute a repetitive mode 

^nnected ^ ~ ** ^ ^ 3 "°* d ^ m0de h WhfcH *• 

5 °- ^^L^?" 9 to «* m ?>> ^rein after a first supply mode is executed, a first repetitive mode during 

^nnnwh^T V S * C ° nd SUpp,y mode are repeated alternately and a second repetitive mode 
dunng wh.ch the regenerative mode and the reflux mode are repeated alternately are mixedly executed 
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FIG. 4 
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